Vertical transport and electroluminescence in InAs/GaSb/InAs structures: 
GaSb thickness and hydrostatic pressure studies 
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We have measured the current-voltage (I-V) of type II InAs/GaSb/InAs double heterojunctions 
(DHETs) with 'GaAs like' interface bonding and GaSb thickness between 0-1200 A. A negative 
differential resistance (NDR) is observed for all DHETs with GaSb thickness > 60 A below which 
a dramatic change in the shape of the I-V and a marked hysteresis is observed. The temperature 
dependence of the I-V is found to be very strong below this critical GaSb thickness. The I-V 
characteristics of selected DHETs are also presented under hydrostatic pressures up to 11 kbar. 
Finally, a mid infra-red electroluminescence is observed at 1 bar with a threshold at the NDR valley 
bias. The band profile calculations presented in the analysis are markedly different to those given in 
the literature, and arise due to the positive charge that it is argued will build up in the GaSb layer 
under bias. We conclude that the dominant conduction mechanism in DHETs is most likely to arise 
out of an inelastic electron-heavy-hole interaction similar to that observed in single heterojunctions 
(SHETs) with 'GaAs like' interface bonding, and not out of resonant electron-light-hole tunnelling 
as proposed by Yu et al. A Zener tunnelling mechanism is shown to contribute to the background 
current beyond NDR. 
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I. INTRODUCTION 

There has been considerable interest recently in reso- 
nant tunnelling devices involving coupling between the 
conduction and valence bands of different materials 
across heterointerfaces. Much of this study has focussed 
on InAs/GaSb/AlSb structures owing to the 'broken gap' 
band alignment at the InAs/GaSb interface. Devices ex- 
ploiting the strong interband coupling showp in these 
structures include resonant tunnelling diodescl and inter- 
band cascade lasers! Despite rapid progress and exten- 
sive modelling, the details of the conduction mechanisms 
in even the simplest structures still remain poorly un- 
derstood. Following a detailed study of the conduction 
in InAs/GaSb SHETs (single heterojunctions p, where 
hydrostatic pressure was used to vary the band overlap 
and hence the interband coupling, this work investigates 
the case of the InAs/GaSb/InAs DHET (double hetero- 
junction), shown by the band profile in Fig. |l|. Both 
SHETs and DHETs show a region of negative differen- 
tial resistance in their IV characteristic and abnormally 
high background currents of unconfirmed origin beyond 
NDR. 

NDR arising out of interband coupling in single barrier 
structures was proposedQ and demonstratedd by Chow 
et al. for the staggered lineup HgCdTe/CdTe/HgCdTe 
DHET, and subsequently by Beresford et dlB and 
Munekata et al.Q and Soderstrom et al.Q from 
InAs/AlGaSb/InAs DHETs. The NDR in this case can 
be explained by consideration of the imaginary wave vec- 
tor of the tunnelling electrons in the barrier region using 
a two band electron-light-hole k.p modelEI. This shows 
that the tunnelling initially becomes more difficult with 
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FIG. 1. Equilibrium band profile of 60 A GaSb DHET 



increasing bias as electrons strike the barrier with en- 
ergies further from the barrier valence band edge, thus 
resulting in a region of NDR. NDR was subsequently ob- 
servejiin a broken gap InAs/GaSb/InAs DHET by Taira 
et al£9, who suggested that the current transport mech- 
anism was ohmic conduction from one InAs electrode to 
the other through the GaSb valence band, which is cut- 
off at higher bias by GaSb band gap blocking. A similar 
characteristic was observed by Luo et alJB a year later 
and interpreted in terms of conduction through transmis- 
sion resonances arising out of the mixing between InAs 
conduction band and GaSb valence band states. Fur- 
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ther investigation into the GaSb thickness dependence of 
the I-V by Yu et al.E3 showed that the NDR is lost as the 
GaSb thickness is reduced below 60 A. According to their 
calculations this loss in NDR coincides with the loss in 
the electron-light-hole overlap at flat band. This led the 
authors to conclude that the NDR arises out of a resonant 
electron-light-hole tunnel current, and that the heavy- 
holes contribute only weakly to the conduction. More 
detailed theoretical models have since been presented 
in support of this conclusion, where electron-heavy-hole 
coupling considerations are shown to only give rise Mr> 
secondary features in the theoretical IV characteristic!^. 

However, there are reports in the literature where 
the results are difficult to interpret using the resonant 
electron-light-hole tunnelling model. Takamasu et al.E-3 
have applied magnetic fields parallel to the interfaces of 
InAs/GaSb/InAs DHETs showing NDR, where the peak 
NDR bias gives the opposite behaviour to that predicted. 
A detailed study of the conduction mechanisms in the 
related InAs/GaSb SHET structures by Khan Cheema 
et aljj has shown that the interface bonding ('InSb-like' 
or 'GaAs-like') plays a very important role in the con- 
duction, and that the NDR in the 'GaAs' case is more 
likely to arise out of an inelastic electron-heavy-hole in- 
teraction. In addition the origins of the large back- 
ground currents observed in both these structures and 
in similar structures with AlSh, barriers are not well un- 



derstood. Tie temperatureEilij and barrier composition 



dependenceEZI of the valley current suggest the possibil- 
ity of light-hole tunnelling into the emitter valence band 
at biases above 400mV, although this has not yet been 
observed directly. 

In all cases, the modelling is strongly dependent on 
the value taken for the band overlap, which is believed 
to lie in the range-J25-155meV and is dependent on the 
interface bondingpl None of the reports in the literature 
include the effects of strain on the heavy and light-hole 
valence band edges, which we believe to be significant. 
The band profile models are also very sensitive to the 
treatment of charge buildup in the self-consistent poten- 
tials on either side of the type II interface. Simple models 
assume a 3D emitter distribution, despite reportsjpf the 
2D nature of the confinement by Mupekata et al.Q, and 
also in similar structures by Gonzaleai3. Positive charge 
buildup in the GaSb is also ignored in the analysis of Yu 
et al.E3 However, the observation of intrinsic bistability 
in an InAs/AlGaSb/InAs/AlGaSb/InAs double barrier 
structures!] strongly suggests that both positive and neg- 
ative charge buildup must be included in any realistic 
analysis of conduction in this family of devices. 

In this work, we present vertical transport results on 
MOVPE grown DHETs with 'GaAs like' interfaces over 
a wider range of GaSb layp: thickness (OA - 1200 A) 
than reported by Yu et al.E3 The results from thicker 
GaSb layers are qualitatively similar to those given in 
the literature, but here we report the first observation 
of a dramatic drop in the conductance for DHETs with 
GaSb thickness < 60 A. DHETs in this regime are shown 



to behave dramatically differently to those with GaSb 
thickness > 60 A. Hydrostatic pressures of up to 11 kbar 
are applied to selected structures, allowing the continu- 
ous tuning of the band overlap. This tuning of the rel- 
ative electron and hole sub-band alignments allows the 
electron-light-hole resonance to be pushed below the re- 
gion of band overlap and its role in the conduction to be 
more carefully assessed than can be done by the GaSb 
thickness dependence studies alone. An interband elec- 
troluminescence is also observed with a threshold at the 
NDR valley bias. This provides the first direct evidence 
of the nature of the background conduction mechanism 
in these structures, previously of unconfirmed origin. 

We also present self-consistent calculations of the band 
profiles to compare with our results. Our profiles ap- 
pear to be-dramatically different to those found in the 
literature £3 We argue that this discrepancy has its ori- 
gins in the significant 2D hole concentration that accumu- 
lates in the central GaSb layer. Analysis of the thickness 
and hydrostatic pressure dependence of the conduction 
using this model provides an adequate explanation for 
the mid infra-red emission beyond NDR, and also gives 
strong evidence against the resonant electron-light-hole 
tunnelling theory of Yu et al.EJ Although the alignment 
of the light-hole sub-band is shown to be important, it ap- 
pears more likely that the conduction arises out of an in- 
elastic interaction between the electrons and heavy-holes, 
more similar to that reported for SHETs with 'GaAs like' 
interfaces lil 



II. EXPERIMENTAL DETAILS 

n-InAs/p-GaSb/n-InAs nominally undoped DHETs 
were grown on nominally undoped n-InAs substrates with 
GaSb layer thicknesses of 0-1200 A, followed by a 3000 A 
InAs cap. The interface bonding was biased to be 'GaAs 
like' using-a shutter sequence similar to that described 
elsewhereEi The layer thicknesses were calibrated by 
monitoring the Fabry-Perot oscillations in the. surface 
photoabsorption (spa) signal during depositionEil. 

The wafers were processed into 150 /im mesa struc- 
tures and metalised with thermally evaporated, non an- 
nealed Cr/Au pads. 3-20 fisec pulsed I-V and electro- 
luminescence were measured at temperatures of 25-300 
K. Pulsed I-V measurements were also carried out un- 
der hydrostatic pressures W.to 11 kbar using a pressure 
cell as described elsewherem All DHETs showing NDR 
were highly sensitive to a small series parasitic resistance 
which was always present due to contact resistances of 
< 10. This parasitic resistance could be estimated fairly 
accurately and its effects removed by calculating its two 
limiting values. Too high a value gives rise to a negative 
slope it the high current post NDR region while too low 
a value leads to a peak bias lying above the valley. Thus 
for example the parasitic resistance for the 300ADHET 
in Fig.|| was found to be in the range 0.30 ± 0.05S1. 
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III. EXPERIMENTAL RESULTS 



B. Temperature dependence of I-V 



A. GaSb width dependence of I-V 

The I-V results at 77 K as a function of GaSb thick- 
ness are presented in Fig.||. The hysteresis in the NDR 
is a result of the large current densities characteristic of 
these structures making the effects of parasitic resistance 
significant as already mentioned in section II. As a result, 
the voltage shown does not represent the voltage across 
the DHET alone but includes that across the parasitic 
resistance. However, the peak and valley current densi- 
ties are unaffected by the parasitic resistance. These are 
found to scale with cross sectional mesa area as would be 
expected for negligible surface leakage currents. The I-V 
traces are only weakly dependent on GaSb thickness for 
GaSb 



The temperature dependence for two DHETs with 
150 A and 40 A of GaSb are shown in Fig.|| and in Fig.|| 
respectively. The temperature dependence for DHETs 
with GaSb thickness > 60 A is weak, where the NDR is 
found to persist, as was the case for SHETs with 'GaAs 
like' interfaces! The shift along the voltage axis is a re- 
sult of changes in parasitic resistance with temperature, 
confirmed by the A GaSb control sample and consistent 
with reports in the literature. In contrast, the tempera- 
ture dependence for DHETs with GaSb thickness < 60 A 
is much stronger. The dramatic suppression of the low 
bias conductance in this regime is lifted at higher tem- 
peratures, with a weak NDR feature returning around 
200mV at 300 K. 
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FIG. 3. I-V characteristics of 150 A GaSb DHET at 77 K 
and 300 K 



FIG. 2. I-V characteristics of InAs/GaSb/InAs DHETs 
with different GaSb widths at 77 K 



C. Hydrostatic pressure dependence of IV 



thickness above 60 A, showing a slight decrease in peak 
and valley currents for widepstructures, similar to the re- 
sults reported by Yu et al.E3 For GaSb thickness below 
60 A, the I-V trace changes dramatically. This is most 
remarkable for the 40 A GaSb DHET example shown, 
where the NDR is lost entirely at 77K and the current 
densities at low bias are reduced by three orders of magni- 
tude. Similar characteristics were also observed for struc- 
tures with GaSb thicknesses of 20, 30, and 50 A, some 
showing a marked hysteresis, and others none. The hys- 
teresis shown in Fig.H, which is also observable under DC 
biasing, is not thought to be an effect of the parasitic re- 
sistance as the device resistance is now much higher. At 
the switching point the current density increases abruptly 
by three orders of magnitude. The OA control sample 
and the 10 A GaSb DHET give an ohmic characteristic. 



The evolution of the I-V traces under hydrostatic pres- 
sure is shown in both types of structure in Fig ,^ for the 
60 A GaSb DHET and in Fig.|for the 50 A GaSb DHET. 
The NDR feature for the 60 A GaSb DHET moves con- 
tinuously towards zero and is still discernible at 11 kbar. 
For the thinner structures, the onset of conduction in- 
creases from ^500 mV to ^750 mV between 1 bar and 
11 kbar, after which the slope conductances are very sim- 
ilar. The current axis is expanded in Fig.^ to reveal the 
strong suppression of the low bias conductance with pres- 
sure for this structure. 
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FIG. 4. I-V characteristics of 40 A GaSb DHET at 77 K 
and 300 K 



FIG. 5. IV characteristics of 60 A GaSb DHET at 77 K as 
a function of hydrostatic pressure 



D. Electroluminescence results 

Mid IR electroluminescence is also detected with a 
threshold at the NDR valley bias for all the structures 
showing NDR, as shown for example by the 150 A DHET 
in Fig.[S|. The 30 K electroluminescence spectrum corre- 
sponds to that of bulk InAs photolumincscence, (peak at 
410 meV or 3.02 /an), as shown in Fig|| The slight red- 
shift in the electroluminescence spectrum is attributed 
to Joule heating effects. A similar emission is observed 
beyond 500mV for the 40 A DHET. 



IV. BAND PROFILE CALCULATIONS 

Analysis of these results requires careful modelling of 
the band profiles and sub-band energy levels both un- 
der equilibrium and non equilibrium conditions. Self- 
consistent-, calculations on DHET structures in the 
liter aturet3,CJ ignore any confinement effects in the emit- 
ter, and use the 3D Thomas-Fermi approximation to re- 
late the Fermi level to the band edges. Also, the band 
overlap appears to be independent of strain and interface 
bonding, which we believe will have a dramatic effect on 
the band profile calculations. 

In our work, the emitter and collector are treated as 
2D wells for electrons, and the GaSb layer is treated as 
a 2D well for light and heavy-holes, consistent with the 
true band bending expected for a type II interface. As a 
first approximation, each layer in this three layer system 
is assumed to be in local thermal equilibrium, allowing 
a quasi-Fermi level to be defined in each. Each layer is 
solved self-consistently using a transfer matrix technique, 
under the assumption of total charge neutrality across the 



whole structure. The band profile solved in this way for a 
60 A GaSb DHET at equilibrium is shown in Fig|j. The 
band offset is taken as 125meV for the heavy-holesH,E£l 
and the light-holes offset is lowered by ^47meV as the 
GaSb is under biaxial compression. Similar band pro- 
files and experimental evidence for the 2D nature of the 
electrons in the contact regions has been provided in an 
analogous structure by Gonzalez et altB. 

Solving the band profile under non-equilibrium condi- 
tions requires a much more complex analysis, as inelastic 
processes and non-equilibrium Fermi distributions must 
be included in a realistic model. In the analysis by Yu 
et al.E3, all inelastic processes are ignored and charge 
build-up in the GaSb under biased conditions appears to 
be negligible, resulting in potential profiles with a uni- 
form electric field in the GaSb region. In this work, the 
model used for the equilibrium band profiles is adapted 
to give trial solutions under bias, which can include both 
the confinement effects in the contact regions as well as 
the effects of positive charge buildup in the central layer. 
Self-consistent solutions correspond to cases where the 
quasi-Fermi level of the holes in the GaSb lies in between 
those of the contacts. The non-equilibrium band profile 
is found to be very sensitive to the corresponding charge 
distributions. One limiting solution gives band profiles 
very similar to those found in the analysis of Yu et al.E3, 
where the Fermi level is broken at the collector interface 
and a depletion region is formed at the collector contact. 
At the other extreme, the band profile is shownia Fig.|To| 
and resembles that given by Lapushkin et alo in the 
modelling of similar structures with AlSb barriers. In 
this case the Fermi level is broken at the emitter contact, 
resulting in a significant build-up of holes in the GaSb 
and an accumulation region in the collector contact. 
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FIG. 6. IV characteristics of 50 A GaSb DHET at 77 K as 
a function of hydrostatic pressure 



We point out that the first solution is highly unstable 
against the rapid leakage of GaSb valence electrons into 
the InAs conduction band at the +ve electrode and that 
the more likely solution will resemble the band profile 
shown in Fig. 10, This follows frmn estimates of the light 
hole quasi bound state lifetimeEj, which is predicted to 
be extremely short, of order a few tens of fsecs for GaSb 
widths around 60-100 A. This quasi-bound state lifetime 
is related to the width of the electron-light-hole trans- 
mission resonance, which is found to be much broader 
than for typical quasi-bound states in more conventional 
double barrier structures, due in the present case to the 
absence of barrier layers. This short lifetime will pro- 
mote the buildup of positive charge in the central layer 
until the GaSb and collector contact quasi Fermi levels 
are close to equilibrium, as is the case for all the band 
profiles shown in this work. 

Hole dispersions were calculated using a 4 band k.p 
model to give an insight into the effects of valence band 
mixing. It turns out that the large density of states of- 
fered by the flattening of the HHo dispersion results in 
only the HHo sub-band being occupied. Consequently, 
the light-hole resonance will not fall between the contact 
Fermi levels in any of the cases studied. This treatment 
therefore excludes any coherent tunnelling mechanism 
through the electron-light-hole resonance, in contrast to 

m 



the theory of Yu et all 
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FIG. 7. IV characteristics of 50 A GaSb DHET at 77 K as 
a function of hydrostatic pressure expanded at low currents 

V. DISCUSSION 

We begin with the 3 /zm luminescence observed in all 
samples at biases > 400mV. This is explained by the on- 
set of Zcncr tunnelling, which coincides with the NDR 
valley bias at ambient pressure. Once the contact quasi- 
Fermi levels are separated in energy by more than the 
InAs bandgap, valence electrons in the emitter can tun- 
nel into the conduction band of the +ve contact. This 
explanation is consistent with the band profiles s ugg ested 
in this work, corresponding to that shown in Fig.jfl]. This 
observation shows clearly that this elastic Zencr tun- 
nelling mechanism contributes significantly to the back- 
ground current in these structures, previously of uncon- 
firmed origin. 

The peak NDR bias at 1 bar is now estimated and 
compared to non-equilibrium band profiles to determine 
the nature of the peak NDR conduction mechanism. The 
bias across the 60 A DHET from Fig.|| is estimated at ~ 
285 mV after subtracting an estimated parasitic resis- 
tance of 0.8 fi using the method described above. This is 
consistent with the results from DHETs in the literature 
where parasitic resistances are less dominant. The band 
profile given in Fig.^j shows that under these conditions 
the lowest electron sub-band is far from being resonant 
with any of the hole sub-bands. The electron and hole 
ground states are separated by over ~100 meV, suggest- 
ing that an inelastic process is responsible for the NDR. 
This is in agreement with the analysis of NDR in 'GaAs 
like' SHETs reported previously!]. Although the light- 
holes do not appear to be resonant with the emitter elec- 
tron distribution, their proximity will nevertheless have 
the effect of increasing the penetration of the electron 
wavefunction into the GaSb through electron-light-hole 
mixing. Similarly, the penetration of the heavy-holes at 
finite fc|| into the InAs will be enhanced by the proxim- 
ity of the light-hole sub-band. The resulting electron- 
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FIG. 8. I-V and electroluminescence characteristics of a 
150 A GaSb DHET at 30 K 



heavy-hole wavefunction overlap will therefore be signif- 
icant in this case and allow an appreciable inelastic cur- 
rent to flow. Further increase in the bias will result in a 
greater energy separation of the electrons and holes and 
a stronger attenuation of the wavefunction tails into the 
GaSb, at which point the region of NDR is observed. 

The hydrostatic pressure results for the 60 A GaSb 
DHET are consistent with this interpretation, and pro- 
vide conclusive evidence that the NDR does not arise out 
of resonant conduction through the light-hole sub-band. 
Hydrostatic pressure increases the bulk band .gaps and 



result- 



decreases the band overlap at ~10 meV/kbarE 
ing in a lowering of the light hole sub-band energy. At 
5.3 kbar a clear NDR is observed despite the energy of 
the light hole sub-band being unambiguously below the 
region of band overlap, as shown in Fig.|l2|. 

As the band overlap decreases with pressure, the 
charge transfer across the interface also decreases, result- 
ing in a change in shape of the self-consistent potential 
and a lowering of the confined electron sub-bands. This 
results in a reduced bias to achieve the same electron- 
hole energy separation, hence the decrease observed in 
the NDR position with increasing pressure (Fig.|J) and 
the decrease in peak current. The peak NDR position 
analysis of the band profiles for all of the pressures stud- 
ied shows that the electrons and heavy holes are always 
uncrossed by ^50-100 meV at the peak bias, again con- 
sistent with an inelastic conduction mechanism. 

We now turn to the dramatically reduced conduction 
in structures with GaSb layers of 50 A and less. The 
fact that hydrostatic pressure does not induce similar be- 
haviour in the 60 A and wider structures shows that the 
electron-hole level alignment and overlap is much more 
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FIG. 9. Photoluminescence and electroluminescence spec- 
trum of 150 A GaSb DHET at 30K 
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FIG. 10. Band profile of 60 A GaSb DHET at 285mV, close 
to the estimated NDR peak bias across the structure 



strongly affected by confinement than by pressure once 
the GaSb width is reduced below 60 A. This is indeed con- 
firmed by the band profile calculations, where the light- 
hole ground state is lowered by over 120meV as the GaSb 
width changes from 80 to 40 A whereas the electron sub- 
band energy is hardly affected. This explains the dra- 
matic change in conduction observed, which we argue is 
a result of the dramatically reduced electron-hole over- 
lap as the light hole energy is decreased. Application of 
hydrostatic pressure further decreases the overlap as ex- 
pected, and is reflected in the reduction in current density 
in Fig.0. 

Moreover, the reappearance of a weak resonant feature 
at 1 bar at 300 K provides additional evidence for the in- 
elastic nature of the conduction in these structures. The 
increase in temperature gives the opposite effect to pres- 
sure, with the band overlap increasing by around 30meV 
between 77K and 300Kc3 resulting in a raising of the 
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FIG. 11. Band profile of 150 A GaSb DHET at 500mV 
showing Zener tunnelling mechanism and accompanying elec- 
troluminescence 

light hole sub-band relative to the emitter electron dis- 
tribution. Furthermore, the higher temperature will al- 
low holes to populate higher sub-bands with more light 
hole character and greater penetration. The resulting en- 
hanced electron-hole overlap then gives rise to an increase 
in the conductivity, and even a weak NDR, as observed. 

Finally, we consider the intrinsic bistability shown in 
many of the samples studied, where the conduction is 
found in some cases to abruptly switch by over three or- 
ders of magnitude. This strongly suggests that there are 
two different steady state charge distributions at a given 
bias, and we propose that these correspond to there being 
different amounts of positive charge accumulation in the 
GaSb_in some ways similar to that proposed by Chow 
et al.E3 Although a significant positive charge buildup is 
very likely in the thicker structures, it is feasible that this 
is not always the case for thinner structures. The efficient 
leakage of electrons from the GaSb valence band into the 
positive contact could indeed become more difficult for 
thinner structures as the light hole sub-band is pushed 
to lower energies. When the GaSb barrier becomes even 
thinner, direct electron tunnelling may begin to occur. 

The conduction mechanisms must be dramatically dif- 
ferent in the two bistable configurations to give such 
radically different current densities, clearly demonstrat- 
ing the sensitivity of these structures to the band profile 
models used. 
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FIG. 12. Band profile of 60 A GaSb DHET at 141mV un- 
der 5.3 kbar, close to the estimated NDR peak bias across the 
structure 

VI. CONCLUSIONS 

We have presented a detailed investigation into the na- 
ture of the conduction in InAs/GaSb/InAs DHETs. A 
dramatic drop in the conductance, a loss in the NDR and 
marked intrinsic hysteresis is observed for DHETs with 
GaSb thickness <60A. The thickness and hydrostatic 
pressure dependence of the conduction are interpreted 
with the help of self-consistent band profiles, where the 
inclusion of a significant positive charge buildup in the 
GaSb is found to give solutions quite different to those 
found in the literature. Resonant electron-light hole tun- 
nelling is shown not to be the dominant transport mech- 
anism, although the position of the light-hole sub-band 
is believed to be important in determining the degree of 
electron-hole overlap necessary for conduction. Inelastic 
conduction involving electrons and heavy-holes is most 
likely to be the dominant process at the peak NDR bias, 
similar to the conduction mechanism proposed for the 
InAs/GaSb SHETs with 'GaAs like' interface bonding!! 
The hysteresis observed in many of the DHETs with thin- 
ner GaSb layers demonstrate that the conduction is very 
sensitive to the steady state charge distribution. An in- 
terband luminescence observed beyond NDR is explained 
by Zener tunnelling, confirming an important contribu- 
tion to the background conduction mechanism. 
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